ABSTRACT Plant diseases have a direct impact on agricultural food production. The time required to detect the pathogen plays a crucial role to minimize the fungal-induced disease damage in crops. Current microbial detection techniques take several days to identify the disease. Microwave detection techniques have proven to be a good candidate in identifying pathogens. Microwave dielectric characterization based on an open-ended coax technique is proposed to electrically characterize pathogens having potential applications in plant diseases. Seven common fungi growing on major crops in the United Arab Emirates were isolated and cultured in the lab. A microwave dielectric assessment kit, based on the open-ended coax technology, was used to obtain the dielectric properties of samples. Our data demonstrated a distinct variability between soil-and airborne pathogenic fungi. Thus, individual fungi can be identified based on their specific microwave dielectric signature. Factors such as conidial sporulation and hyphal growth and polarization of these fungi may attribute to these electric discrepancies. Dielectric spectroscopy modeling based on the Havriliak-Negami model was used to help to understand the molecular structure interaction with the high-frequency signal. This paper revealed a significant dielectric contrast behavior variation among all seven fungi. This paper also supported previous results obtained by other researchers, which classified fungi into two main groups, namely hydrophilic and hydrophobic. Nonetheless, the fungus Alternaria solani has different behavior from this classification. This research is the first to demonstrate the ability of dielectric microwave characterizations tests to facilitate rapid diagnosis and appropriate treatments of plant diseases.
I. INTRODUCTION
Microwave and RF characterization is becoming a conspicuous research area in many disciplines. Techniques for microwave characterization have been used by many researchers to characterize and identify various types of material in either solid or liquid form. The characterization process relies on extracting the dielectric and conductive properties of the material under test from reflected and transmitted microwave signal. In general, methods used in high frequency characterization can be categorized in
The associate editor coordinating the review of this manuscript and approving it for publication was Boxue Du. different groups depending on the measurement technique, sample size, shape, and morphology. Techniques such as resonant cavity method, transmission and reflection method, and free space measurements, are widely used by scientists and researchers [1] . The open-end coaxial probe is one of the widely used techniques to characterize tissues and biological samples; this is due to its numerous advantages, it does not require sample pre-measurement preparation; thus, it is nondestructive, easy to use, and covers a wide band of frequency. Microwave characterization offers the advantage of being contactless, nondestructive, and label free.
The electrical properties of a material, in general, are a measure of the material ability to interact with electromagnetic energy. As this interaction results from the material content that can be affected by the electric and magnetic forces generated by the electromagnetic fields, the electrical properties of the material are a direct consequence of its composition, content and structure. The electric and magnetic fields interact with materials in two ways: energy storage and energy dissipation. Energy storage describes the lossless portion of the exchange of energy between the electromagnetic field and the material; whereas energy dissipation occurs when electromagnetic energy is absorbed by the material. The interaction of biological matter with the electromagnetic waves is frequency-, temperature-and organic compositiondependent. The frequency dependence translates into relaxations and resonances of the complex permittivity, which is related to different polarization phenomena [2] .
The electrical properties of biological materials and their interaction with high frequency waves have attracted the attention of researchers working in the fields of medicine, biology, food science, and electromagnetics. Extensive research had been carried out in these areas and is still going on due to their direct impact on human life and environment. Cook [3] examined dielectric properties of four types of human tissues. Likewise, a cavity perturbation technique has been employed to observe that normal and infected biles have different dielectric constant and loss tangent in human [4] . Moreover, it was found that the complex permittivity of diabetic human serum and urine significantly differ from that of normal cases when investigated using rectangular wave guide cavities at S, C and X microwave bands [5] . Dielectric properties of a number of animal tissues in the frequency range 10 Hz -20 GHz have also been investigated [6] . Foster and Schepps [7] conducted a comparative study between tumor and normal tissues dielectric properties from RF to microwave frequencies. The dielectric properties of food in relation to RF and microwave pasteurization and sterilization were presented in [8] . Vegetation dielectric spectrum at microwave frequency was also studied in [9] . Bobowski [10] , used the open-ended coaxial probe to investigate the permittivity of waste activated sludge. Complex dielectric properties of brain tissues were studied for RF and microwave frequency in [11] . Bakli and Haddadi [12] introduced a modified openended coaxial probe for high sensitivity solution sensing at microwave frequency. A comprehensive description about the interaction of electromagnetic waves (from RF to microwave) with biological tissues for the purpose of characterization was reviewed in [13] .
Plants are infected by different types of pathogens known as phytopathogens. These infectious microbes cause plant diseases and serious economic losses on important crops, which negatively affect the agribusiness sector and food chain stability [14] . More often, these microbes are capable to compete plants for food, water, light and space [15] . As other microorganisms, fungi causing diseases often receive our utmost attention, although fewer than 10% of all known fungi can colonize living plants [16] . Fungi are eukaryotic microorganisms that have rigid chitin-based cell walls [17] .
The fungal inoculum is either present in the soil, water, air or on the host plant [18] . In many cases, fungi are carried by seeds or propagative tissues. Whatever the source of inoculum is, susceptible plant species exhibit visible disease symptoms in the infected tissues. Typically, plant diseases are rather classified according to the symptoms than the causal agent of disease [19] . Thus, efforts focusing on the identification of pathogenic microbes, including fungi, via conventional methods were not sufficient or successful. For many decades, microbiologists have used assessments, such as pathogenicity tests (disease symptoms), biochemical and immunological assays (enzymes), or molecular tools (DNA/RNA) [20] , that do not provide enough information for a quantitative and conclusive identification. Therefore, direct morphological evaluations are the next steps in mostly all laboratories. New techniques based on microwave dielectric properties of biological systems may simplify the identification process. Microwave characterization can provide a low-cost method [21] to quickly identify harmful fungi by analyzing its electrical properties in the presence of high frequency signal. Our hypothesis is that there are variations between the cells of pathogenic fungi in terms of specific dielectric signature at microwave frequency. With the increasing calls for a more rapid pathogen detection option as an urgent issue to help manage the impact of public health, food and agriculture, and bioterrorism, we propose a direct detection of fungi based on its dielectric content, using high sensitivity, broad band open-ended coaxial probe at microwave frequency (200 MHz -13.6 GHz). Such technique presents a strong potential in bio-sensing since it can directly probe the intracellular content of cells, as their plasma membrane is almost transparent for the electromagnetic wave at the GHz range.
II. MATERIALS AND METHODS

A. ISOLATION OF FUNGI
Isolation of fungi was performed by surface sterilization method [2] . For each plant species, namely tomato (Solanum lycopersicum), bell pepper (Capsicum annuum), date palm (Phoenix dactylifera) and mango (Mangifera indica), fifteen decaying leaves were submerged in 70% ethanol for 1 min, then transferred into 15% H 2 O 2 for 1 min and again kept in 70% ethanol for 1 min. Thereafter, the leaves were serially washed in 8 changes of sterile distilled water, blotted dry, and placed in each of three Petri plates (5 leaves/plate) containing Potato Dextrose Agar (PDA) medium supplemented with ampicilin (25 mg L −1 ) and incubated at 25±1 • C for 5 days. The fungal colonies that appeared after incubation period were isolated on fresh sterilized PDA Petri plates and were identified. Seven common and dominant fungal isolates from the plant species, namely Botrytis cinerea (Bc) [22] , Alternaria solani (As), Ceratocystis radicicola (Cr) [23] , Rhizoctonia solani(Rs), Lasiodiplodia theobromae(Lt) [24] , and two Fusarium sp., F. oxysporum(Fo) and F. solani (Fs) [25] , were selected and 5-mm discs of each fungus obtained from pure cultures were transferred at the center of sterile PDA Petri dishes (in triplicates) at pH 5.5 (for optimal fungal growth and sporulation). The Petri dishes were then incubated for 10 days at 25±1 • C (Fig. 1) .
B. MEASUREMENT SYSTEM AND PROCEDURES
Microwave dielectric spectroscopy has become a powerful method for characterizing materials based on dielectric properties. The response of a material to electromagnetic field in the microwave range is related to its complex relative permittivity ε = ε − jε , where ε' is the real part and ε'' is the imaginary part. The real part of the permittivity is related to the energy stored in the material under test, whereas the imaginary part represents losses or simply the energy dissipated inside the material. The conductivity of the sample can be expressed in terms of dielectric loss as, σ = ωε 0 ε , where ω is the angular frequency in rad/sec; and ε 0 is the free space permittivity. The ratio between the real and imaginary parts (tan δ = ε'' / ε') is known as the loss tangent or dissipation factor.
In our study, dielectric measurement was done using openended coaxial probe and dielectric assessment kit (DAK) software. The coaxial probe is connected to the network analyzer, which measures the complex reflection coefficient at the probe-material interface, and the measured reflection coefficient is used to extract the dielectric parameters by the DAK software. The measurement provides the dielectric spectra of the material as a function of frequency. The measuring system comprises of a vector network analyzer (VNA), R&S R ZVL with frequency ranges between 9 KHz -13.6 GHz and a DAK-probe with frequency range 200 MHz -50 GHz (SPEAG; www.speag.com). The probe is connected to the VNA using a highly flexible coaxial cable (Fig. 2) . The valid measurement frequency range of the system is 200 MHz -13.6 GHz, which is the intersection of frequency ranges of the VNA and the probe. The measurement procedure is a non-destructive method.
For precise measurements, calibration of the system is an essential requirement. Calibration normalizes the magnitude and phase changes of the probe and hence normalizes the reflection coefficient measured by the network analyzer. This process moves the measurement reference planes to the end of the probe. Calibration was done in three steps: Open, short and dielectric load (Fig. 2) , commonly known as OSL. The temperature of the load was recorded before calibration. The open calibration was set by exposing the probe to air. The short calibration was done by using a shorting block and metallic strip. Moreover, the load calibration used de-ionized water, the dielectric properties of which is known as a function of frequency and temperature. Figure 2 shows a schematic layout of the calibration and measurement processes, as well as parameters extraction.
C. PROBE UNCERTINITY
The validity range of the open-ended coaxial probe transition used in DAK software (Fig. 2) is based on lumped capacity model [26] . It computes the percentage difference between the results of the exact calculation and the values of the admittance given by the model. The acceptable frequency range and permittivity intervals for which the specified model has deviation from an exact theoretical calculation of the interface admittance was determined accordingly.
Normally, the deduction of dielectric properties of the material from the admittance data is based on the assumption that the probe interface is explained using some empirical model. The base model equation is given by where C 1 and C 2 do not depend onf . However, the capacitor model varied with frequency and the new modified equations used in DAK are given herein:
where A 1 , A 2 and A 3 do not depend on frequency, and can be determined from the calibration process. The uncertainties included in probe measurements can be due to probe system, possible systematic errors due to the design, calibration temperature differences during the calibration and measurement, and VNA noise. Uncertainty in the physical characteristics of the probe, like the internal and external radii r and R, results in variations in the calculated admittance. The flange size of the probes is ≥ 4 times of the dielectric bead diameter and this is sufficient for infinite flange approximation. Table 1 shows the measurement capability for the probe under use when measuring a material in the indicated parameter range, as provided by the differences between the individual measurement curves give an indication for the obtainable repeatability, and should lie within the uncertainties stated above. The choice of the coverage factor k is of critical importance as it determines the level of confidence associated with an uncertainty statement. Coverage factor of k = 2, defines an interval having a level of confidence of approximately 95%. The extraction of the complex dielectric constant of the material under test is obtained from measurement of the complex reflection coefficient (S 11 ) at the probe end. The measured reflection coefficient is then converted to the complex permittivity of the material under test using the very precise and fast method formulated by Ellison and Moreau [26] . More details on probe uncertainty and complex permittivity extraction can be obtained from [26] .
D. DIELECTRIC SPECTROSCOPY MODELING
In cellular bio-systems, there are three major dielectric relaxation or dispersion phenomena in which the permittivity and conductivity of the system changes with frequency, known as α-, β-and γ -dispersions [13] . The α-dispersion is associated with lower part of the frequency spectrum (kHz range), and is associated with ionic diffusion at the cellular membrane (Fig. 3) . The β-dispersion occurs at the medium frequency range (10 kHz to 200 MHz), and it is associated with cell membrane polarization; and finally the γ -dispersion that covers the high frequency range of the spectrum. In this study, the measurement frequency covers the range of 200 MHz-13.6 GHz that extends from the end of the β-dispersion to most of the γ -dispersion range (Fig. 3) . It is usually desired to model the bio-entities behavior with respect to microwave frequency by dielectric relaxation (spectroscopy) model; such model will help in understanding the molecular structure interaction with high frequency signal. Usually Debye model [27] is considered sufficient to model process involves reorientation of dipolar molecules and assumed constant relaxation time. On the other hand, a distributed relaxation time leads to a more accurate description to dielectric spectroscopy. For this purpose, the frequency dependent dielectric properties of fungal samples were analyzed by fitting the measured data to a single pole relaxation model given by the Havriliak-Negami model [28] , which assumes a distributed relaxation time and additional dc conductive term resulting from ionic or charge transport.
In equation (5), ε s is the static permittivity, ε ∞ is the high frequency permittivity, ω is the angular frequency, τ is the relaxation time, α and β are the empirical parameters that determine the broadening of relaxation peak (0 ≤ α ≤ 1 and 0 ≤ β ≤ 1), σ dc is the static conductivity and ε 0 is the free space permittivity. By setting β = 1, the model in equation (5) reduces to Cole-Cole model, which corresponds to dielectric loss peak having symmetric broadening.
III. RESULTS AND DISCUSSION
Measurements were conducted on seven fungi grown on PDA media as well as the control sample at room temperature (Fig. 1) . Twenty nine readings were collected from three replicates per sample. The readings were repeated three times over a period of two weeks, with seven days span between each successive measurement. Thus, a total of 87 readings were collected for all samples. The collected data were analyzed and averaged to avoid any measurement variation due to fungal growth, homogeneity, distribution, and probe placement and position with respect to the sample.
To compare between the effects of electrical properties such as dielectric constant and conductivity among the tested phytopathogens, 10-day-old fungal cultures (Fig. 1) were exposed to microwave frequencies (200 MHz -13.6 GHz) using an open-ended coaxial probe. At room temperature, deionized water was used as a calibration load and reference due to its known dielectric constant, which measures as ε' = 79 and σ of 2 s/m at low frequency. To illustrate the effect of the fungal growing medium, we also measured the dielectric properties of the PDA medium alone (control). Figure 4 presents both the measured data along with results obtained using equation (5). Solid lines represent the best fitting using equation (5), and the marks represent measured data. At the lower part of the measuring spectrum, the medium ε' was close to that of water but showed lower values as the frequency increased (Fig. 4a) . We noticed that R. solani and the two Fusarium spp. had relatively high dielectric constant (ε' = 68-72) at lower frequency (close to water). However, as the frequency increases, the dielectric constant of this group of fungi decreases to approximately ε' = 40 at 13.6 GHz. From these measurements, it is evident that this group almost depicts the water and control media behavior over the measurement frequency band, suggesting high water content in this group of fungi.
Measurements of A. solani, on the other hand, showed a different behavior of the dielectric constant. Although there was a decline in ε' measurement of this fungus (from 20 to 10) as the frequency increased, the variation of the dielectric constant over the measurement spectrum was less than that of the soil-borne fungi, R. solani and Fusarium spp. (Fig. 4c) . The plant fungi, C. radicicola, L. theobromaeand B. cinerea, showed lower response in terms of the ε' measurement, and the variation over the measurement spectrum was very little or almost constant; among which, B. cinerea displayed the least real part of dielectric constant. This suggests that these air-borne fungi share common dielectric characteristics. As expected, when the real part of the dielectric permittivity decreases, the corresponding imaginary part increases with increasing frequency.
Measurements of the dielectric loss (ε'') showed similar grouping trend, as that of the dielectric constant. R. solani and both Fusarium spp. had the highest ε'' among all measured fungi at low frequency. This clearly indicates the high polarization content in this group of fungi; followed by a sharp drop at about 1 GHz and gradually increased to become similar to the behavior of water and the control medium (Fig. 4b) . On the other hand, C. radicicola, L. theobromae and B. cinerea, had relatively high values of ε'' at low frequency when compared with frequencies above 1 GHz; yet ε'' was lower than in the soil-borne fungi. Our data on A. solani showed similar pattern as all fungi showed a sharp decline in dielectric loss at low frequency; thus it was followed by a slight increase at higher frequencies (>1 GHz). Although A. solani is considered an air-borne fungal pathogen, its dielectric loss is quite different from all other fungi that belong to the same category. This suggests that dielectric properties, in terms of dielectric constant (ε') and dielectric loss factor (ε''), play a major role in distinguishing between fungi. We also observed similar conductivity behavior to that of dielectric loss at high frequency (Fig. 5) . Our results clearly indicate that two plant fungal pathogen groups could be distinguished: Soil-borne fungi causing plant root diseases were closely clustered to the water; and air-borne fungal pathogens causing foliar diseases populated away from the controls. Together, this suggests that each of these two groups share common dielectric behavior; despite each pathogen has its distinct dielectric signature.
At lower frequency (β-dispersion), dielectric measurements revealed higher polarization effect in the group that belongs to the soil-borne fungi than the air-borne fungi, which indicates that the membrane effect is very prominent (Fig. 4a) . On the other hand, at higher frequencies -where the γ -dispersion range takes place, we noticed that ε' of all 7 fungi decreased with the increase of the frequency, while the dielectric loss and conductivity increased within the same frequencies (Fig. 4 and 5 ). This is due to the high conductive nature of the cytoplasm as the wave penetrates the molecular structure of the cell [13] .
In equation (5), the parameters ε s ,ε ∞ ,τ , α, β and σ dc were adjusted to obtain the best fit of the measured data. The term σ dc /jωε 0 accounts for the dielectric loss resulting from the ionic conduction. Table 2 shows the values of parameters for the best fitting results for all 7 measured samples, water and the control medium. In addition, Figure 6 shows the dielectric constant ε and dielectric loss ε of the best fitting parameters along with the measured data for all 7 fungi samples. It is clear that samples such as water, control sample, R. solani, F. oxysporium, F solani and A. solani had high relaxation time (τ ), indicating that these samples had large delay in molecular polarization with respect to a changing electric field, in comparison to C. radidcola, L. theobromae, and B. cinerea samples with less relaxation time (Table II) . Moreover, such delay would have a direct impact on the relaxation strength ε = ε s − ε ∞ , affecting the relaxation model broadening (Fig. 6) .
In order to get clearer vision of the behavior of the relative permittivity for the different fungi samples, those were plotted in the complex plane using equation (5) and the data in Table 2 . Figure 6 shows the complex plot of the relative permittivity, where the real relative permittivity is plotted against its imaginary part, and a semicircle of permittivity values is obtained for each fungus. It should be noted that the lower frequencies are located on the right side of the graph and higher frequencies are on the left side of the semicircle.
The semicircle diameter can be related to fungi interaction with high frequency field; thus the larger the diameter, the higher the relaxation time and the higher the relaxation strength. This, in turn, indicates higher water content in the sample. Accordingly, Fungi samples presented in Figure 6a will have higher water content than that in Figure 6b . By investigating the low frequency response (Fig. 6) , it is noted that all fungi samples had high response at the lower frequency, which suggests a high polarization effect in all fungi samples in response to low frequency signal.
Although this is the first report on the identification of phytopathogenic fungi according to their dielectric properties, this supports previous studies on bacteria, animals and human that the dielectric behavior is dependent on the density, size and shape of the cells [29] - [31] . In addition, intracellular conductivity and membrane capacitance play a major role in determining the dielectric behavior of the biological cells.
Filamentous fungi produce small secreted proteins, known as hydrophobins that form amphipathic (hydrophilic and hydrophobic properties) layers on the outer surface of the fungal cell wall [32] , [33] . These ''natural surfactants'' play a crucial role in conidial hydrophobicity, conidial germination and root colonization [34] . Fungal hydrophobins reduce the surface tension of the medium, and perform several biological functions, including the formation of a protective layer surrounding the hyphae and sexual structures, development of aerial hyphae, sporulation and spore dispersal, and fruit body formation [34] , [35] . Hydrophobins may also mediate the fungus-environment interaction. This involves recognition and adhesion to host plant surfaces, and penetration of pathogenic fungi [35] . For example, the hydrophobins in the rice blast fungal pathogen, Magnaporthe oryzae, are involved in plant attachment, appresorium (a specialized infection structure) formation [36] and pathogenesis [37] . In addition, hydrophobins in Beauveria bassiana and Metarhizium brunneum are essential for fungal spore hydrophobicity and adhesion, and virulence to insects [38] , [39] . In contrast, hydrophobin proteins in B. cinerea have no role in infection or conidia polarization [40] , most probably because B. cinerea conidia are very hydrophobic [41] , [42] . Our results showed that the dielectric constant and conductivity in B. cinereawere extremely low at high microwave frequency.
So far, there are no research reports about the conidial hydrophobicity in C. radicicolaor L. theobromae. However, our data highly support that their conidia are hydrophobic (Figs. 4 and 6) . We also noticed the dielectric constant and conductivity behavior of A. solani are higher than any other foliar causing fungal pathogen tested. Although some studies have reported that cytoplasmic components of A. solani are hydrophobic, others have indicated polar and hydrophilic amino acids in its cytoplasm [43] , [44] . In fact, the cationic and hydrophobic features are associated with microbial peptides interacting primarily with negatively charged biomembranes [45] , [46] ; such membrane effect is pronounced at low frequency. Nowadays, many broad antimicrobial targets, including ribosome-inactivating proteins (RIPs) and lipidtransfer proteins (LTPs) have focused on protein insertions into the fungal cell membrane, where the central hydrophobic cavity forms a pore, allowing efflux of intracellular ions and thus leading to cell death of pathogenic fungi, including A. solani [47] , [48] . This suggests that A. solani cytoplasmic organelles contain components that have hydrophobic properties favorable for spore germination and slight hydrophilic features involved in pathogenesis; this might explain why A. solani is not clustered to any of the two groups, although its behavior is closely related to the air-borne fungi.
On the other hand, our results showed that the assayed Fusarium and Rhizoctonia spp. growing on PDA media are hydrophilic in nature. This perfectly matches previous studies about cytotoxic hydrophilic proteins, such as ribotoxins [49] and lectins [50] in Fusarium and Rhizoctonia strains [51] . Taken together, our data suggest that these factors not only influence fungal adhesion to surfaces, but also the degree of conidial hydrophobicity colonizing leaf surfaces and root regions.
IV. CONCLUSION
The open-ended coaxial probe technique was used to characterize seven different types of plant fungi extracted from plants available in the UAE. The results revealed a significant dielectric contrast behavior variation among all seven fungi samples. The study also supported previous results obtained by other researchers, which classified fungi into two main groups namely hydrophilic and hydrophobic. However, our study showed that A. solaniFungus followed different behavior from this classification. Our data demonstrated that each species has its own relaxation process and time which distinguish them from each other. We conclude that VOLUME 7, 2019 although different fungal species associated with the same ecosystem or share common life style, respond (somehow) similarly, to changes in the tested factors; they may not be phylogenetically-or physiologically-related. Therefore, each fungus, regardless of its strategy of life, has a particular microwave signature. Since the microwave dielectric spectroscopy includes label free, fast and inexpensive features, this technique has the potential to be implemented in the future diagnostic techniques that can be applied in daily agricultural laboratory routines i.e., plant pathology.
